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Electron Paramagnetic Resonanceheme–copper oxidases – electron transfer coupled to proton pumping – is not yet
fully understood. Single turnover experiments in which fully reduced cytochrome aa3 from Paracoccus
denitriﬁcans reacts with O2 using the microsecond freeze-hyperquenching sampling technique enabled trapping
of transient catalytic intermediates and analysis by low temperature UV–Visible, X-band and Q-band EPR
spectroscopy. Our recent ﬁndings (Wiertz et al. (2007) J. Biol. Chem. 282, 31580–31591), which show that the
strictly conserved W272 is a redox active residue are reviewed here. The W272 forms a tryptophan neutral
radical in the transition F→FW⁎→OH in which the novel intermediate FW⁎ harbors the tryptophan radical. The
potential role of W272 in proton pumping is highlighted.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
The superfamily of heme–copper oxidases comprises the cyto-
chrome oxidases and the NO reductases, the former catalyzing the
reduction of molecular oxygen to water, the latter the reduction of NO
to N2O [1–6]. Cytochrome oxidases (CcO)1) are the ﬁnal electron
acceptors in the respiratory chains of bacteria, archaea and mitochon-
dria. Based on the structure of its D- and K-proton pathways
cytochrome aa3 from Paracoccus denitriﬁcans, has been classiﬁed as
a Type A oxidase [7,8]. The reduction of oxygen (Eq. (1)) generates a
proton electrochemical gradient across the cytoplasmic membrane.
Four protons are used for the formation of water and four are pumped
across the membrane according to:
4 cyt c2þ þ O2 þ 8 HþC→4 cyt c3þ þ 2 H2O þ 4 HþP ð1Þ
in which HC+ are protons taken up from the cytoplasm and HP+ are
protons ejected to the periplasm [9–13].
Subunit one of the four-subunit P. denitriﬁcans cytochrome aa3
harbors heme a and the heme a3–CuB binuclear reaction center where
reduction of oxygen takes place. The docking site for cytochrome c
[14,15] is located in subunit two, which contains the CuA mixed-
valence binuclear center with two Cu atoms separated by 2.5 Å [16].
The CuA site is the electron entry of the CcO for electrons from
cytochrome c and electrons are further transferred via heme a to
heme a3 and CuB. Protons from the cytoplasm enter the enzyme vial rights reserved.the D- or K-proton pathways [10–13,17,18]. These proton pathways
connect the aqueous cytoplasmic phase with the conserved E278 in
the interior of the enzyme (D-pathway) or with the binuclear center
(K-pathway). The proton exit route to the periplasm is less well
deﬁned. Water formed during the reaction is expelled to the
periplasm via the Mg2+ or Mn2+ bound at the interface of subunit I
and II [19–22].
2. The catalytic cycle
The oxygen reduction cycle of CcO is known in great detail in terms
of its oxygen chemistry, electron transfer and proton translocation;
thanks to a great number of kinetic studies [10–13,18,23–32]. The
catalytic cycle can be initiated in various ways: from the fully reduced
enzyme (R) (see Fig. 1), from the mixed-valence form (MV) in which
only heme a3 and CuB are reduced or by single electron injection [33].
In our single turnover freeze–quench experiments with the
P. denitriﬁcans CcO the reaction was started with the fully reduced
enzyme [34]. In this case the enzyme cycles through a series of
intermediates designated as R→A→PM→PR→F→FW⁎→OH inwhich
FW⁎ is the new intermediate containing the W272 radical (W272⁎)
[34]. In this half of the catalytic cycle, the oxidative part, four protons
are taken up from the periplasm, two of which are pumped. The
remainder of the electrogenic events occur in the so-called reductive
part of the catalytic cycle in which two electrons are successively
injected into the CcO [11,35]. The intermediate OH represents the
oxidized enzyme in a metastable ‘high energy state’, which differs
from the oxidized ‘as isolated’ or resting enzyme, O, which is not a
steady-state catalytic intermediate.
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mixing the fully reduced CcO – R – with O2, is A, and is formed within
~8–10 μs [23,25,28–32,36] at 1 atm O2 or 16 μs at 0.5 atm O2 (see Fig. 1,
[23,25,28–32,36]). A is the oxy-ferrous complex (Fe2+–O2) of heme a3
[23,25,28–32,36] . Subsequent to the formation of A, the OfO bond is
broken yielding PM containing the oxo-ferryl state of heme a3. A
potential peroxide intermediate does not build up. PM accumulates
(~170 μs) when the reaction is started with MV [23,25,28–32,36].
However, when the reaction is initiated from R, PM is formed
transiently to very low if not undetectable amounts and PR
accumulates (with a half-life of ~30 μs [23,25,28–32,36] or, completed
in ~100 μs [23,25,28–32,36]) because internal electron transfer from
heme a to heme a3 is extremely fast, ~1 ns [37], and much faster than
OfO bond breaking estimated as ~30–40 μs by simulation [23,25,28–
32,36], (see Fig. 1). Direct evidence for OfO bond splitting in both PM
and PR was provided by resonance Raman spectroscopy, which
identiﬁed the speciﬁc vibrations of the oxo-ferryl (Fe4+fO) state of
heme a3 [28–31,36]. In PM and PR, the CuB1+ has been oxidized to CuB2+–
OH−. The oxygen atom in CuB2+–OH− is derived from molecular oxygen
[38]. The breaking of the OfO bond requires donation of four electrons
and a proton. Since this also occurs when the reaction is started withFig. 1. Reaction scheme of CcO showing the various intermediates with their half-lives
occurring during oxidation of the four-electron reduced enzyme and the steps
associated with proton translocation. The quoted half-lives are of obtained from
references [23,25,28–32,36]. WH denotes W272, and W⁎, the W272⁎. The half-lives of
the transitions A→PM and PR→F are based on simulation of the kinetics as described
[34]. See text for further explanation.MV, while heme a3 and CuB provide only three electrons, an amino
acid residue, Y280 (P. denitriﬁcans numbering) was proposed to act as
the donor of the fourth electron (plus the proton) [27]. Y280 is
covalently linked to His276, a ligand to CuB, and sufﬁciently close to
the binuclear center to act as a rapid reductant [8,39–42]. Indeed,
some Y280 had been converted to the radical Y280⁎ in PM [43]. In PR,
in contrast to PM, the Y280⁎ is absent [44] presumably because it has
been reduced by heme a to the anion (Y280−, see Fig. 1). Instead of
Y280, the conserved W272 has been proposed recently as the amino
acid residue involved in OfO bond breaking [45].
The PR→F transition is not associated with electron transfer but
with proton binding and proton translocation [9–13]. As indicated in
Fig. 1, the proton might bind to the Y280− yielding Y280. The slowest
step of the oxidative part of the catalytic cycle [1–1.5 ms] is the F→OH
transition, which is linked to proton translocation as well [9–13].
According to the literature, in this step an electron is proposed to be
transferred from CuA/heme a to Fe4+fO yielding Fe3+–OH− [31].
3. The tryptophan272 radical
Our recent microsecond freeze–quench experiments [34] indi-
cated that the F→OH transition is, however, more complex and better
described by the sequence F→FW⁎→OH as indicated in Fig. 1. In the
second slow [1.2 ms) part of the oxidative phase a radical is formed,
which on the basis of its Q-band EPR spectrum has been assigned to
the strictly conservedW272 (W272⁎). TheW272⁎ accumulates to ~4–
5% of the CcO concentration, consistent with a rate of formation of
1.2 ms and rate of breakdown of ~60 μs. The latter rate signiﬁes the
second electron transfer from the CuA/heme a (FW⁎→OH, Fig. 1) to the
W272⁎. The oxidation of W272 to W272⁎ takes ~1.2 ms and
constitutes the major rate-limiting step of the catalytic cycle [34].
Q-band EPR spectroscopy indicated formation of the neutral W272⁎
rather than its protonated cation radical [W272⁎H+). A weak H-bond
interaction of the indole-Nwith another residue could, however, not be
ruled out. In fact the phenol-OH of Y167 and the indole-N of W272 are
within H-bonding distance [3,8] and such aweakly bound protonmight
contribute slightly to the overall lineshape of the EPR spectrum.
4. A new hypothesis for proton pumping by CcO, a W272-gated
proton-relay network
The neutral W272⁎ detected in the sequence F→FW⁎→OH is
formed according to the reaction,
W272→W272⁎ þ e þ Hþ ð2Þ
The question is, which are the electron and proton acceptors when
W272⁎ is formed, i.e. in the sequence F→FW⁎? Likewise for the
reverse of reaction (2) in which the W272⁎ is reduced to the W272−-
anion and protonated to W272, the step FW⁎→OH, what is the origin
of the electron and the proton?
In the scheme of Fig. 1, a proton is taken up from the cytoplasm and
ejected to the periplasm (F→FW⁎) upon formation ofW272⁎, whereas
the reduction of W272⁎ to W272 (FW⁎→OH) is associated with proton
uptake from the cytoplasm only. Electrometric and proton transloca-
tion measurements are consistent with proton pumping in the F→OH
transition [9,12,33,46,47]. The speciﬁc reactions taking place in the
sequence F→FW⁎→OH are given by Eqs. (3–8):
W272þE278–COOHþFe4þfO→W272⁎þHþperiþE278–COO−þFe3þ–OH−
ð3Þ
E278–COO− þ Hþcyt→E278–COOH ð4Þ
W272⁎þ Cu1þA →W272− þ Cu2þA ð5Þ
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E278–COO− þ Hþcyt→E278–COOH ð7Þ
Sum : Cu1þA þ Fe4þfOþ 2Hþcyt→Cu2þA þ Fe3þ–OH− þ Hþperi ð8Þ
According to Eq. (3), W272 reduces heme a3 Fe4+fO to Fe3+–OH−,
and the proton required in this reaction is proposed to come from
E278 (Fig. 2), which is conserved in the Type A oxidases; the proton on
W272 is proposed to be ejected directly to the periplasm (see Fig. 2)
when W272 is oxidized to W272⁎. After this reaction, E278 is
reprotonated via the D-proton pathway (Eq. (4) and Fig. 2) by a
proton originating from the cytoplasm. Subsequently, W272⁎ is
reduced by electron transfer from the ‘redox pair’ CuA/heme a yielding
theW272−-anion (Eq. (5)). TheW272− is a very strong base (pKAN15 cf.
[48]) capable of deprotonation of E278 (Eq. (6)), which, like before,
will be reprotonated via the D-proton pathway by a cytoplasmic
proton (Eq. (7)).
The series of reactions (Eqs. (3–7)) sum up to Eq. (8) describing the
transfer of a single electron from CuA/heme a to the binuclear center,
speciﬁcally to Fe4+fO, yielding a total stoichiometry of 2H+/e. In
agreement with experimental observation, one proton is pumped to
the periplasm, the other bound to heme a3 Fe3+–OH−, and released as
water in a later step in the reductive part of the catalytic cycle. The
proton-relay pathway – including the D-pathway – is schematically
depicted in Fig. 2. The speciﬁc location of W272 in the enzyme in
conjunction with the strong basicity of the W272−-anion provides
both the thermodynamic driving force and the required directionality
to pump a proton from the cytoplasm to the periplasm [34]. The
W272−-anion is the strongest base in the sequence shown in Fig. 2
and stronger than D124, E278 and the propionate groups of heme a3;
however, it might be a weaker base than Fe3+–OH− and CuB2+–OH−. A
possible uncoupling reaction, in which the W272−-anion deproto-Fig. 2. Location of W272 in the cytochrome oxidase and its function in proton pumping.
The arrow connecting D124, S193 and E278 schematically describes the D-proton
pathway. See text for further explanation.nates a (bound) water molecule located closer to the ‘membrane–
periplasm interface’ than W272 itself is given by Eq. (9):
W272− þ H2Operi→W272þ OH−peri ð9Þ
Uncoupling would require a rapid (net) diffusion of the
hydroxide anion to the periplasm, which seems unlikely owing to
its negative charge. In addition, the structure of the proton exit
channel might prevent a rapid rate of reaction 9. However, reaction
9 might be important in the equilibration between the ΔGrredox and
ΔμH+.
The W272 acts as a redox center in cytochrome c oxidases in
addition to CuA, CuB, heme a, heme a3 (and possibly Tyr280) [34]. In
terms of its redox and acid-base characteristics W272 is chemically
equivalent to the two metal sites making up the binuclear center.
However, W272 is not directly involved in the binding and activation
of oxygen. According to the model proposed here, W272 is involved in
proton pumping, while the binuclear center takes care of the
‘chemical’ protons. Proton ejection, when W272 becomes oxidized,
and proton binding, by the W272−-anion, are controlled by the oxido-
reduction of W272. In other words, proton pumping itself is gated by
the change of the redox and protonation states of W272, at least in the
transition F→FW⁎→OH. Proton back ﬂow will not occur and the
proton electrochemical gradient is thus preserved when backﬂow is
not coupled to a redox change of W272.
The mechanism of proton pumping described here might also
apply to the initial steps of the oxidative part of the catalytic, i.e. in the
sequence A→F, in particular whenW272 provides the fourth electron
to break the OfO bond. Even in case Y280 provides the fourth electron
to split the OfO bond, internal radical migration between Y280 and
W272 might lead to a similar proton pumping mechanism. However
one of the two aromatic residues might yield a cationic rather than a
neutral radical.
Whether W272 could operate in proton pumping in the reductive
part of the catalytic cycle, i.e. in the steps from OH→R2e remains to be
established experimentally.
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